Electron spin echo electron-nuclear double resonance (ESE-ENDOR) experiments performed on a broad radical electron paramagnetic resonance (EPR) signal observed in photosystem II particles depleted of Ca2+ indicate that this signal arises from the redox-active tyrosine Yz. The tyrosine EPR signal width is increased relative to that observed in a manganese-depleted preparation due to a magnetic interaction between the photosystem II manganese cluster and the tyrosine radical. The manganese cluster is located asymmetrically with respect to the symmetry-related tyrosines Yz and YD. The distance between the Yz tyrosine and the manganese cluster is estimated to be approximately 4.5 A. Due to this close proximity of the Mn cluster and the redox-active tyrosine Yz, we propose that this tyrosine abstracts protons from substrate water bound to the Mn cluster.
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The photosystem II (PS II) component of the plant photosynthetic apparatus oxidizes water at an oxygen-evolving complex (OEC) that consists of a tetranuclear cluster of manganese ions along with essential cofactors calcium and chloride (1) . The overall architecture of PS II shows homologies to the reaction centers of the purple non-oxygen-evolving bacteria, including the C2 symmetry found in these reaction centers (2) (3) (4) . In PS II this symmetry appears to persist to the sites of two important tyrosine residues, Yz (tyrosine-161 of the Dl polypeptide, with residues designated for Synechocystis sp. 6803) and YD (tyrosine-160 of the D2 polypeptide) (5-7). The Yz tyrosine serves as an electron transfer intermediate between the chargeseparating chlorophyll moiety P680 and the manganese cluster of the OEC. The symmetry-related tyrosine YD, which is typically present as a dark-stable neutral radical (YD-), is bypassed in the fast electron transfer between P680 and the OEC. Whether the Mn cluster is located on the C2 symmetry axis has been the subject of much debate. Instead, the PS II symmetry may be broken at the OEC level, locating the Mn cluster closer to the active electron transfer intermediate Yz.
Calcium depletion of PS II particles by NaCl/EGTA washing (8) (9) (10) or low-pH citrate treatment (11) (12) (13) eliminates oxygen-evolving activity. In such Ca2+-depleted PS II particles, illumination at a temperature of 273 K leads to the formation of a broad (130-180 G full width at half maximum) g = 2 EPR signal. Other treatments that block oxygen evolution such as acetate or fluoride incubation lead to similar signals upon such illumination, though the signal widths vary appreciably, depending on the details of the treatment and the resulting extrinsic polypeptide composition (14) (15) (16) (17) (18) . The broad g = 2 signal is thought to arise from a radical center, with the large linewidth caused by a magnetic interaction with the Mn cluster (18, 19) . UV (19) and IR (20) absorption changes in PS II that are observed concomitantly with the formation of the radical have been interpreted to favor an oxidized histidine as the origin of the broad radical signal. Alternatively, on the basis of EPR studies, it has been proposed that the signal arises from Yz trapped in its oxidized radical form (Yz*) (18) . However, these EPR results have been criticized as due to saturation artifacts (21) .
In this paper we present electron spin echo electron-nuclear double resonance (ESE-ENDOR) results that demonstrate that Yz is the origin of the broad radical signal produced in Ca2+-depleted samples. The ENDOR experiment measures the nuclear spin transitions of magnetic nuclei coupled to a paramagnetic center (22, 23) . In this case we examine proton spin transitions of the species giving rise to the broad radical signal. A significant advantage of this technique over UV or IR difference spectroscopies in this complex PS II system is the absolute selectivity of the ENDOR experiment: only the protons of the radical species will contribute to the spectrum outside a narrow band at the proton Larmor frequency.
MATERIALS AND METHODS
The detergent extraction method of Berthold et al. (24) was used to isolate the PS II-enriched membranes from spinach. After testing the 02-evolution activity (typically 500-700 ,mol of 02 per mg of chlorophyll per hr) and separating portions for Tris-washed and YD-quantification samples, the PS II membranes were washed in a 400 mM sucrose/40 mM MesNaOH/50 mM NaCl, pH 6.5 buffer (buffer A). Subsequently, the low-pH, 10 mM citrate method of Ono and Inoue (11, 12) was employed to deplete the PS II membranes of Ca2+. EPR samples were prepared from Ca2+-depleted PS II membranes by suspension in calcium-free buffer A with 1.5 mM phenylp-benzoquinone (PPBQ) added as an electron acceptor. Manganese was removed by hydroxylamine (25) The ESE-EPR spectra were normalized by chlorophyll concentration. To generate a histidine radical in vitro, polycrystalline histidine hydrochloride was irradiated at room temperature in the backstop of a Siemens P4 x-ray diffractometer. The ESE-ENDOR experiments were performed with the sequence described by Davies (23, 46) , using a pulsed EPR instrument of our design and construction (28, 29) . :--
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YD* radical. Each proton of the radical contributes a pair of lines centered at the Larmor frequency vH and separated by a hyperfine coupling constantA. The hyperfine interactions are anisotropic, resulting in "powder pattern" lineshapes from the randomly oriented PS II particles in the sample. ENDOR simulations are displayed beneath the experimental spectrum (specific hyperfine parameters for the simulation are listed in Table 1 ). The unpaired spin density in the odd-alternate ir molecular orbital is maximal at Cl, C3, CS, and 0. The couplings to the 3 and 5 a (ring) protons are relatively large and give rise to slightly inequivalent rhombic powder patterns. The couplings to the 2 and 6 a protons are smaller and no inequivalence is resolved. The largest coupling is to one of the f3 methylene protons adjacent to the tyrosine ring. The isotropic component of the hyperfine interaction for such a (3 methylene proton is given by Ai,. B1pc1cos20, where B1
162 MHz for protons (32) , Pci is the unpaired spin density at the Cl carbon, and 6 is the dihedral angle between the methylene CH bond and the normal to the tyrosine ring (30, 33, 34) . Our results for the two f3 methylene protons indicate a dihedral angle of 47°and pcl = 0.38. The second , methylene proton with dihedral angle 730 has a much weaker coupling and its spin transitions overlap significantly with those from the 2 and 6 a protons. UV and IR difference spectroscopy has implicated an oxidized histidine residue as the source of the broad Ca2+-depletion radical EPR signal. Fig. lB displays the ENDOR spectrum of a model histidine radical, which differs greatly from that observed for the tyrosine radical because of the presence of protons with extremely large hyperfine couplings. This radical, formed in x-irradiated histidine hydrochloride, has been assigned to a C2 H adduct of histidine (31) . The Inset shows the ESE-EPR spectrum, with the arrow indicating the magnetic field position at which the ENDOR experiment was performed. The ENDOR spectrum reveals that the two protons at C2 have very large hyperfine interactions with the electron spin distributed over the ir system of the imidazole ring. In this strongly coupled limit, each proton contributes a pair of lines centered at A/2 and separated by -2vH. The two C2 protons are seen to be slightly inequivalent, with hyperfine couplings on the order of 130 MHz. An OH adduct such as used as a model system for the PS II UV difference spectroscopy study (19) would be expected to have one very strongly coupled proton at C2 and another moderately strongly coupled proton from the OH adduct at C2. Thus the ENDOR experiment should clearly distinguish between tyrosine and histidine radicals on the basis of proton hyperfine couplings. Fig. 2A displays the ESE-detected EPR signal of the photogenerated radical in Ca2+-depleted PS II. This spectrum is superimposed upon the spectrum of a PS II preparation (27) . Thus the radical signal is trapped in only a minority fraction of PS II centers. Fig. 3 displays the ESE-ENDOR spectra (0- Fig. 3 shows the ENDOR spectrum of the Ca2+-depletion radical signal. The spectrum was obtained at a field position 65 G upfield from the center of the YD* radical, where there is significant Ca2+-depletion radical intensity but no contribution from YD. Trace b displays the ENDOR spectrum obtained at a field position corresponding to the center of the YD-radical of a Mndepleted PS II preparation illuminated in the same manner as the Ca2 -depleted sample. With the Mn cluster removed by NH2OH, the rereduction of Yz* is slowed sufficiently to allow some fraction to be trapped by quick freezing (36) DOR spectruni displayed in trace a in Fig. 3 is not obtained at field Biophysics: Gilchrist et aL biological and model tyrosine radicals (30, 33, 34, 37) . However, the strong transition at -32 MHz is shifted up in frequency significantly from the strongly coupled f3 methylene proton peak (-29 MHz) of YD-(trace c in Fig. 3 ). However, we note that this Ca2+-depletion radical peak corresponds closely in frequency to the additional intensity at -32 MHz that appears when appreciable Yz* is photoaccumulated in the Mn-depleted sample (trace b). We assign this additional intensity at 32 MHz to a more strongly coupled 03 methylene proton in the Yz species. This shift in coupling would result from a slight (-4°) decrease in the 13 methylene proton dihedral angle 0. A tyrosine radical with a 3 methylene proton dihedral angle of -43°would give the ENDOR spectrum of both the Ca2+-depletion radical and the trapped Yz-radical. The larger linewidths of these transitions compared with YDare likely due to an increased static disorder in the dihedral angle 0 (34, 38). We consider these findings to be very strong evidence that the Ca2+-depletion radical arises from a small percent of Yz trapped in this inactivated sample by the illumination/quench-freezing protocol. For completion we note that ESE-ENDOR experiments in the high-frequency region where strong proton resonances occur in the in vitro histidine radical reveal no observable transitions (data from 40 to 110 MHz not shown).
In both Mn-depleted and Ca2+-depleted PS II preparations some fraction of Yz * is trapped. However, the resultant radical signal is not broadened in the Mn-depleted sample, indicating that the broadening is indeed due to a magnetic interaction between Yz* and the Mn cluster. The magnetic interaction may consist of both isotropic exchange and anisotropic dipolar components. We note that room temperature measurements of the Yz-lineshape in intact oxygen-evolving PS II preparations show no significant broadening from the interaction with the Mn cluster (39) . This is likely due to extremely rapid spin-lattice relaxation of various thermally populated spin states of the Mn cluster at this high temperature which averages out the anisotropic dipolar interaction between the cluster and Yz-. In contrast, we note that at 4.2 K, the S2 multiline signal from the cluster has a relatively long T1 of 1.21 ms, which will result in no averaging of the dipolar interaction (40) (Fig. 2B, trace a) . A larger integer spin value would give an estimated dipolar distance that would be marginally larger, varying as r 4.5 A .1/3.We also cannot rule §This contrasts with an ESE signal assigned to the Mn cluster and present along with the radical signal in NaCl/EGTA-washed Ca2+-depleted particles (35) . However this signal has not been shown to have the hyperfine structure associated with the dark-stable multiline signal formed in dark-adapted Ca2*-depleted preparations (8) (9) (10) 13 Biophysics: Gilchrist et al.
possible mechanisms of water-oxidation chemistry in the OEC. In addition to the well-defined role of Yz as an electron transfer intermediate, preventing charge recombination from lowering the quantum yield of the water-splitting reaction, we propose that Yz is also directly involved in the water-oxidation chemistry. Our model for the involvement of Yz in the water-oxidation process is presented in Fig. 4 . The Yz* species has been assigned to a neutral radical (42) ; the tyrosine is deprotonated as an electron is removed to rereduce P'0. The proton released by Yz could quickly be transferred from this tyrosine species into the lumenal phase. In fact, protons have been determined to be released into the lumenal phase on the same time scale as Yz oxidation (43) . As the Yz species is rereduced by S-state advancement, it now becomes a strong base. This photogenerated base could extract a proton from a water acidified by binding to a high-valence Mn ion of the cluster. This proton transfer could be direct if Yz is sufficiently close to the Mn cluster. It is also possible that in this case the process could proceed as a hydrogen atom transfer instead of sequential electron and proton transfer steps. Alternatively, if the Mn-Yz distance is relatively long, there may be an indirect proton transfer through a short chain of critical proton transfer intermediates. Such intermediates could include the histidine ligand previously identified (44) or several residues found critical for efficient oxygen evolution by site-directed mutagenesis experiments (1, 45) .
In summary, on the basis of the proximity of the manganese cluster to Yz, we propose that the tyrosine radical chemistry is directly involved in the catalytic mechanism of oxygen evolution, and that Yz is an integral part of the OEC.
